The radical yïelds and rate constants in the quenchïng reaction of thionïne triplet with the complete series of monohaío-gen substituted ardlïncs as electron donors were determïned by flash spectroscopy. Whercas the quenching rate constants sfiow IïttIe and unsystematic variatïon, the radical yields decreasc with ïncreasing spin-orbit couplïng constant of the halogen substituent. This effect is very sensïtive to the posïtion of the halogen in the donor. Tke results are explaïned in tenns of a heavy atom effect on the ïntersystem crossïng rate constant in a triplet exciplex.
l_ Introduction
In electron transfer (ET) reactions excited triplet states are often observed to be physically quenched to some extent. As we have found [l] , with heavy atoms in the electron donor the physical quenchlng process may become dominant in accord wîth the general observation that ïntersystem crossing (ISC) processes are enhanced by heavy atoms. Two mechanisms are conceivable for this effect: (a) the heavy atom quenchïng may be independent of the ET reaction (extemal heavy atorn effect) or (b) the heavy atom may enhance an ISC route already inherent in the ET reaction. For ET reactions with the excited pyrene singlet WeUer and co-werkers [2] have found that two ISC mechanisms lead to fast triplet formation: spin-orbit coupling in a primarily formed exciplex and hyperfme coupling in the geminate radical pair which is formed by dissociation of the exciplex. The hyperfime mechanlsm of triplet formation bas also been investigated by Michel-Beyerle et al. [3] . Of these two mechanïsms only the exciplex ISC would be expected to be enhanced by heavy atoms. Indeed, for a fluorescing exciplex [4] and several phosphorescing charge transfer complexes [SI, heavy atom effects on ISC rate constants have been reported.
364
To study the mechanism underlying the triplet to ground state deactivation by electron donors in greater detail, we investigated the quenching reaction of the thionine triplet 3TH+ wïth the complete series of monohalogen substituted anilines as donors. As these molecules have only slightly different oxidation potentials we expected conclusive information as to the nature of the reactions, contributing to the triplet quenching constant: if a reaction involving ISC! contributes to the first step of the quenching, the quenching constant should be significantly enhanced with ïncreas-ïng nuclear charge of rhe halogen substituent (external heavy atom effect), whereas if the quenchlng conslsts entirely of a spin conserving ET step, no significant variation of the quenching constant would be expected wïth thk series of donors.
Experimentai
The apparatus and technïques have been described First publ. in: Chemical Physics Letters 55 (1978), 2, pp. 364-368 Konstanzer prevïously [ 11 and hence only a brief summaxy wiu be given here. The thïonine triplet 3THf in methanol as solvent was produced by conventional flash excitation and the triplet decay as well as the formation of semithïonine radicals TH-, produced in the quenchïng reaction, was followed by kinetic absorption spectroscopy. The solutïons were buffered at a pH of 8.6 (0.015 M phenylacetic acid, 0.005 M sodïum methylate [6] ), so that the semithionïne radïcals were rapidly protonated. This procedure was used since the protonated semithionhre has an intense absorption peak in the long wavelength region (X,, = 780 MI) whïch is not overlapped by the absorption of the oxïdized quencher radicals. Furthermore the protonated semithionine is rather long-lived (milliseconds), so the radical yield measured about 25 PS after flash triggerïng is not affected by second order recombination reactions. For each donor we determined the triplet quenching constant kq and the radical yield nr, defmed as the fraction of radicals fonned per excited triplet molecule under conditions of complete quenching. By observation of the thiorüne ground state repopulation during the quenching reaction it was confirmed that physicai quenching was the only important quenching channei besides radical formation.
Results and discussion
The quenching constants kg and radical yields 17~ obtaïned for the reaction of 3TH+ with aniline and its monohalogen substituted derivatives are given in table 1. Whereas the quenching rate constants show little and unsystematic varïation, the radïcal yïelds decrease monotonically as the nuclear charge of the halogen increases. A marked positional dependence of this heavy atom effect is to be observed. We analyse the data in terms of two Different kïnetic schemes:
In scheme 1 it is assumed that an encounter complex of triplet and luencher (3TH*...Q), whïch farms and dissociates in diffusion controlled reactions (rate constants kd and k_,), bas two independent reaction channels : (a) electron transfer from Q to 3TH+ (rate constant ket) whereby the radïcals TH-and Q+ are formed, (b) ISC of 3THf to the ground state (rate constant kist), induced by the heavy atom in the quencher mole- 
tule (extemal heavy atom effect).
Within scheme 1 the observed quenching constant kq and the radical yield 7;lr are given by kg = kd(ket + k,)/(k_, + ket + k,) >
f7, = k&e, f &J -
From these relations we obtain relative rate constants of ET (net(I)) and ISC (nis&)):
n,(I) = k,lk_,
In these expressions kd is the rate constant of the diffusion controlled encounter reaction, calculated by kd = 8RT/3OOOrj as 1.2 X lOlo s-I M-' Q.
scheme 11
According to scheme 11 the rate constant of triplet quenching is determined by the ET step (rate constant k,:) by which a primary ET product denoted as 3(TH...Q*) is formed from the encounter complex. The species 3(TH_..Q+) will be called a triplet exciplex even though the electron transfer may be nearly complete. We use the term exciplex to emphasize the fact that there is some electronic interaction betwcrn the radical species TH-and Qt due to their close proximity immediately after their formation, rather than to describe a fuced conformation. The triplet exciplex can (a) dissociate to farm the free radlcals (rate constant kfi), (b) undergo ISC to the ground state (rate constant k,). 
Relative rate constants of intersystem crossing
The ISC constants nisc are expected to display the heavy atom effect clearly. The nisc constants evaluated according to scheme 1 are enhanced significantly only inp-bromoaniline and the iodoanilines. However, the heaviest atom is nat the most effcient! In the nisc constants evaluated acccrding to scheme 11 the heavy atom effect increases monotonically with the spin-orbit coupling constant of the halogen substituent. Thus, again, only the constants calculated according to scheme 11 are physically reasonable.
To discuss the heavy atom effect on the ISC constant or'the trlplet exciplex 3(TK...Qi) in a more quantitative way we defme the heavy atom effect as 
In the following we shall consider only the electronic part of this matrix element for a particular triplet substate, e.g. the one with spin function lacla2>. The 2 direction will be defmed orthogonal to the molecular plane of the aniline part of the complex. Denoting the singly occupied ir-orbitals of acceptor and donor as a and d, respectively, tbe contrïbution of tbe heavy atom is given by the integral over molecular orbitals [ 121 :
